1. Introduction {#s0005}
===============

Despite major advances, making an accurate diagnosis of consciousness in patients with chronic disorders of consciousness (DOC) remains challenging ([@bb0045]). The expanding nosology makes the process even more complex, as the differences between states tend to become smaller and smaller ([@bb0015], [@bb0065]). The Coma Recovery Scale-Revised (CRS-R ([@bb0055])) is the gold standard behavioural scale to make the diagnosis of unresponsive wakefulness syndrome (UWS -- recovery of arousal but limited reflexes-only behaviour), minimally conscious state (MCS) minus and plus (recovery of inconsistent but definite signs of consciousness such as visual pursuit, object localization or manipulation, congruent emotional responses -- MCS - or command-following and language function -- MCS+), and emergence from the MCS (EMCS -- recovery of functional communication or use of objects) ([@bb0155]). However, due to sensorimotor impairment, fluctuation of vigilance, pain, unnoticeable motor activity, apraxia, and aphasia issues, some patients might have covert consciousness not accessible through behavioural evaluation ([@bb0075], [@bb0145]). Several patients, otherwise considered unconscious, showed signs of command-following with functional magnetic resonance imaging (fMRI, *e.g.* [@bb0005], [@bb0010], [@bb0120], [@bb0130]) and electroencephalography (EEG) active paradigms (*e.g.* [@bb0035], [@bb0070]). Considering these patients unconscious seems inadequate, and the diagnosis of non-behavioural MCS (MCS\*) was proposed as a better way to describe their state ([@bb0075]), while other authors preferred the term "cognitive motor dissociation" ([@bb0145]).

Cerebral ^18^F-fluorodeoxyglucose positron emitted tomography (FDG--PET) evaluates patterns of metabolic activity of the brain. It is a well-established technique to study consciousness ([@bb0095]), and it was recently validated to distinguish between UWS and MCS patients ([@bb0165], [@bb0160]). FDG--PET could also detect metabolic activity compatible with MCS in 29% of the UWS patients; 69% of these recovered signs of consciousness at 12 months of follow-up, suggesting that FDG--PET might be a reliable and sensitive tool to detect unresponsive patients with a covert capacity for consciousness (MCS\*).

Using transcranial magnetic stimulation (TMS) coupled with EEG it is possible to study cortico-cortical interactions on a millisecond time-scale ([@bb0085], [@bb0105]). Cortical EEG responses to TMS differs greatly in healthy subjects between conscious (*i.e.*, normal wakefulness, rapid eye movements sleep ([@bb0110]), ketamine anaesthesia ([@bb0140])) and unconscious states (*i.e.*, non-rapid eye movements sleep early in the night ([@bb0100]), propofol, xenon ([@bb0140]), and midazolam anaesthesia ([@bb0040])), and UWS patients ([@bb0135]). On these premises, [@bb0020] implemented an algorithm, the perturbational complexity index (PCI), to assess the ability of functionally specialized modules of the thalamocortical system to interact rapidly and effectively thus producing complex patterns of activity. The distributions of this index in unconscious and conscious conditions do not overlap, ranging from 0 to 0.31 and from 0.44 to 0.7, respectively, suggesting an optimal cut-off of 0.31 ([@bb0020]) to distinguish between the two states. Recently, we validated this threshold with a perfect sensitivity and specificity on a larger benchmark population. We then demonstrated its ability to distinguish between UWS and MCS patients with a very high sensitivity and specificity, and detected multiple UWS patients with high complexity, whom exact state of consciousness remained to be specified ([@bb0030]).

Studying the relationship between the cerebral metabolic activity (as assessed by FDG--PET) and the complexity of neuronal interactions (as assessed by TMS--EEG and PCI) could shed light on the neurophysiology of consciousness. TMS--EEG being a recently validated technique, a cross-validation with established techniques such as FDG-PET is necessary. We expect to see a low PCI in UWS patients with a severely impaired brain metabolism, and a high PCI in those who have FDG--PET results compatible with MCS. Mismatches between PCI and FDG--PET results could also provide significant information about the complementarity of both techniques. The combined metabolic and electrophysiological study of unresponsive patients with high complexity, such as those identified in [@bb0030], would allow to better understand this subgroup of patients.

2. Material and methods {#s0010}
=======================

2.1. Subjects {#s0015}
-------------

We recruited 24 adult patients (13 male, 12 traumatic brain injuries, time since injury 52.5 weeks (5--1371), age 35 ± 12 years). All had acquired brain injuries leading to a coma then to a prolonged state of impaired consciousness, except for two of them, who suffered from a LIS. The LIS and EMCS patients were included as positive controls for this study. Patients were excluded if they had significant neurological, neurosurgical or psychiatric disorders prior to the brain insult that lead to DOC, if they had any contraindication to TMS--EEG or MRI (electronic implanted devices, active epilepsy, external ventricular drain), and if they were not medically stable. Patients were seen at least 5 weeks after the brain injury, to limit the impact of spontaneous recovery during the study. We did not set an upper limit for the time since injury, to better reflect the clinical diversity of these patients. Demographic data can be found in [Table 1](#t0005){ref-type="table"}. The Ethics Committee of the Medical School of the University of Liege approved the study, and we received informed consent from the two LIS patients, and from the legal surrogate of all non-communicating patients. The patients\' PCI were already reported in [@bb0020], and [@bb0030], and the FDG-PET of ten patients were reported in [@bb0160].Table 1Demographical data.Table 1 summarizes the population demography according to the behavioural diagnosis. Gender, aetiologies, age at experiment, and time since onset are similar in all groups, with a trend for shorter interval between onset and evaluation in the UWS group.Table 1NMean age (years, SD)Men (n)Median time since onset (weeks, range)TBI (*n*)UWS934.7 ± 9.29525 (5--1116)4MCS1135 ± 13.96188 (23--1371)7EMCS/LIS433.8 ± 13.252111.5 (21 − 200)1

2.2. Behavioural assessment {#s0020}
---------------------------

The CRS-R ([@bb0055]) is a behavioural scale consisting of 23 items separated in six subscales, assessing the visual, auditory, motor, and oromotor/verbal functions, communication, and arousal. Each subscale includes items of increasing complexity, of which some are considered signs of consciousness (MCS). Functional communication and functional use of object are the diagnostic criteria for EMCS if present at least twice in a row ([@bb0050]). Accredited experts administered the CRS-R a minimum of three times to each patient (except in LIS), and at least the day of TMS--EEG and the day of FDG-PET. The best result was kept as the behavioural diagnosis.

2.3. TMS--EEG {#s0025}
-------------

TMS--EEG data were acquired and analysed similarly to our previous TMS--EEG studies ([@bb0020], [@bb0135]), using TMS stimulator, neuronavigation, and EEG amplifier from Nexstim Plc., Finland. Briefly, TMS--EEG experiments were carried out the following way. The patients\' 3D T1 was loaded into the neuronavigation system, and stimulation targets (left and right medial part of the superior frontal and parietal gyri) were identified, as well as any structural lesion that needed to be avoided. A 60 channels EEG cap was installed, along with electrooculogram, reference, and ground electrodes, and connected to a TMS compatible sample-and-hold amplifier. Auditory evoked potentials were avoided by applying white noise through inserted earphones. The target areas were stimulated 400 times with an interstimulus delay of 2000 ms, with a jitter of ± 300 ms, using a figure-of-eight coil driven by a mobile stimulator unit, and with an intensity at the cortical level of around 120 V/m. This could be adjusted, between 100 and 150 V/m, to obtain a sufficient signal to noise ratio with minimal artefacts. The shape and complexity of TMS evoked potentials do not vary with limited changes of intensity ([@bb0025]). Patients were kept awake for the whole stimulation sessions, using arousal protocol if required ([@bb0055]). Data were then pre-processed with in house scripts in Matlab (Matworks, Natick, MA). EEG sources were computed using weighted minimal norm constraint and PCI was calculated as in [@bb0020]. Patients were classified as unconscious or conscious, if their best PCI was below or over 0.31, respectively ([@bb0020]).

2.4. FDG--PET {#s0030}
-------------

Data were acquired and analysed similarly to our previous FDG--PET studies (*e.g.*, see [@bb0160]). Before and after injection of 150--300 MBq of FDG, patients were kept awake in the dark for 30 min and were then scanned for 12 min on a Philips Gemini TF PET-CT scanner. Some patients required light sedation, during the scanning only, in order to prevent excessive movements. As this sedation was performed after the glucose uptake had happened, it did not have any influence on the metabolic results obtained. To detect brain areas exhibiting a significantly preserved or decreased metabolism in each patient, we used SPM 8 ([www.fil.ion.ucl.ac.uk/spm](http://www.fil.ion.ucl.ac.uk/spm){#ir0005}) and a contrast consisting of 39 age-matched healthy controls\' FDG-PET. The PET-based diagnosis was visually made by experts, and was classified as compatible with unconsciousness (when the statistical tool did not detect a single voxel of preserved metabolism in the whole associative fronto-parietal network bilaterally) or as compatible with consciousness (when at least some significantly preserved metabolic activity could be detected in the fronto-parietal network) ([@bb0090], [@bb0125], [@bb0170]). We used a significance threshold of *p* \< 0.05 uncorrected in all contrast for single subject analyses, as in our previous studies ([@bb0160]). TMS--EEG and FDG-PET were performed 5 days apart: FDG--PET first then TMS--EEG. All the investigators (OB, OG, SW, AT, and JA) knew the results of behavioural evaluations, but TMS--EEG investigators (OB, OG) were blinded to the results of FDG--PET (SW, AT), and *vice-versa*.

3. Results {#s0035}
==========

[Table 2](#t0010){ref-type="table"} illustrates the behavioural, metabolic, and electrophysiological results, as well as the outcome of the 24 patients. FDG--PET and TMS--EEG classified patients as conscious or unconscious with no mismatch, except for two patients detailed below, regardless of their behavioural diagnosis.Table 2Behavioural diagnosis, imaging results, and outcome.Table 2 reports the results of the 24 patients. Patients are arranged from best evidence for consciousness to no evidence for consciousness. Behavioural (CRS-R), FDG--PET, PCI, and outcome are reported. Results compatible with unconsciousness are greyed. The two patients with mismatches between FDG--PET and PCI are highlighted. Note that 4 patients who are behaviourally unresponsive have FDG--PET and PCI compatible with consciousness, leading to the diagnosis of MCS\*.Table 2[^2]

Four patients could communicate their consciousness (two locked-in syndrome -- LIS, two EMCS) according to behavioural evaluations (best CRS-R score of 22 or 23), and served as positive controls for this study. Their FDG--PET showed a hypometabolism limited to the cerebellum (four cases), brainstem (two), and motor areas (two). One showed more extensive hypometabolism of the left posterior parieto-occipital areas including V1 and Wernicke area, as well as the thalami. As expected, all four had best PCI above 0.31, hence above the distribution of unconscious subjects. Ten patients were MCS (seven MCS+ and three MCS−) according to the CRS-R (best total score ranging from 7 to 17). All had a relative preservation of cerebral metabolism of the internal or external fronto-parietal network found by the PET. Similarly, all had maximum PCI above 0.31. Four patients were behaviourally unambiguously unconscious, with a diagnosis of UWS (best CRS-R of 6 or 7). The study of their cerebral metabolism revealed preservation of only the brainstem or cerebellum. Maximal PCI values ranged from 0 to 0.27, and were in the distribution of unconsciousness. These four patients have concordant behavioural, metabolic and electrophysiological findings, and had non-traumatic brain injuries. An additional four unambiguously behaviourally UWS patients (three with traumatic and one with non-traumatic brain injuries, best CRS-R ranging from 5 to 7) had at least partial preservation of the left (two cases), right (one case) or bilateral (one case) temporo-parietal metabolism, compatible with the diagnosis of MCS. Their maximum PCI were above 0.31, hence above the distribution of unconsciousness. Notably, one of them showed preserved activation of the supplementary motor area during an active fMRI evaluation ([@bb0120]) ([Fig. 1](#f0005){ref-type="fig"}), while the other three did not underwent this exam because they had to be sedated to avoid movement artefacts. Three of them had their brain injury less than one year ago, while the fourth suffered from it nearly four years before the study. Typical behavioural, metabolic, and electrophysiological results of one UWS, one MCS\*, one MCS, and one LIS patient are illustrated in [Fig. 2](#f0010){ref-type="fig"}.Fig. 1Typical results of the active fMRI paradigm in a healthy control and in an MCS\* patient.Functional MRI activation of the supplementary motor area (yellow) and of the parahippocampal gyrus (blue-green) after motor imagery and spatial imagery tasks, respectively, in healthy subjects (A). Subject UWS1 shows significant activation in the supplementary motor area (yellow) after the motor imagery task, similar to the one found in healthy subjects.Fig. 1Part A adapted with permission from Monti et al., Willful modulation of brain activity in disorders of consciousness, New England Journal of Medicine, 2010, 362(7); 579--589.Fig. 2Typical behavioural, PCI, and FDG--PET results in an UWS, MCS\*, MCS and LIS patients.Top row illustrates the behavioural subscores of each assessment with the black line representing the threshold for MCS. The second row illustrates the areas on the left hemisphere in which FDG--PET finds significantly impaired (blue) or preserved (red) metabolism compared to 39 controls (*p* \< 0.05). The third raw illustrates the TMS evoked potential traces at the cortical level, which are later used to compute PCI. Note that while behaviourally, UWS and MCS\* are alike, the MCS\*\'s TMS evoked potentials and FDG--PET patterns are more similar to those observed in MCS and LIS patients. FDG--PET images were created by merging the impaired and preserved metabolism maps from SPM8. UWS: unresponsive wakefulness syndrome, MCS\*: non-behavioural minimally conscious state, MCS: minimally conscious state, Aud. Vis. Mot. Oro. Com. Aro. are the six CRS-R subscales, A: anterior, P: posterior.Fig. 2

Finally, the last two patients had discordant results. One had a behavioural diagnosis of UWS after repeated CRS-R assessments. The FDG--PET revealed a relative preservation of the whole right hemisphere metabolism. The PCI were all below 0.31, hence in the distribution of unconsciousness, despite stimulations over the right hemisphere. After a follow-up of five years, this patient has not improved and is still UWS. The other patient had a behavioural diagnosis of MCS- (best CRS-R of 10), as visual pursuit was detected once during evaluations, the day of FDG--PET. The latter was compatible with this diagnosis, showing a relative preservation of cerebral metabolism including the anterior cingulate gyrus, the precuneus, and the left frontal area. The PCI was 0.22, hence in the distribution of unconsciousness. However, the day of TMS--EEG, this patient had a behavioural diagnosis of UWS (CRS-R of 4), and PCI could be computed only on the right premotor area (two areas were excluded due to the presence of a cerebrospinal fluid shunt, and one had low signal-to-noise ratio as it was close to structural lesions on the MRI). The TMS evoked potentials and FDG--PET results of these patients are illustrated in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3Behavioural, PCI, and FDG--PET results in the patients with incongruent results.Top row illustrates the behavioural subscores of each assessment with the black line representing the threshold for MCS. The second row illustrates the areas in which FDG--PET finds significantly decreased (blue) or preserved (red) metabolism compared to 39 controls (*p* \< 0.05). The third raw illustrates the TMS evoked potential traces at the cortical level, which are later used to compute the PCI. Despite being behaviourally unresponsive on all evaluations, and with a PCI \< 0.31, patient UWS5\'s FDG--PET shows metabolism preservation of a large part of his right hemisphere. Patient MCS11 has some preserved metabolism in the fronto-parietal network, and is MCS− based on one visual pursuit, but the PCI remained \< 0.31. FDG--PET images were created by merging the impaired and preserved metabolism maps from SPM8. UWS: unresponsive wakefulness syndrome, MCS\*: non-behavioural minimally conscious state, MCS: minimally conscious state, Aud. Vis. Mot. Oro. Com. Aro. are the six CRS-R subscales, A: anterior, P: posterior, L: left, R: right.Fig. 3

One year after the evaluation, five patients had died, 15 remained stable, three were lost to follow up, and only one had improve from MCS\* to MCS ([Table 2](#t0010){ref-type="table"}).

4. Discussion {#s0040}
=============

Out of our 24 patients, 22 have congruent FDG--PET and PCI results. The association of these two techniques shows the most concordance when compared to the combination of CRS-R with any or both of FDG--PET and PCI ([Table 3](#t0015){ref-type="table"}). In four cases in which the patients could communicate (EMCS and LIS), both the FDG--PET and TMS--EEG results were compatible with the presence of consciousness: FDG-PET showed preserved metabolism in the fronto-parietal network, while TMS--EEG provided PCI above 0.31. Similarly, the FDG--PET and the PCI were compatible with the presence of consciousness in ten MCS patients. Finally, in four patients that were unambiguously UWS after repeated behavioural assessment, both the metabolic and electrophysiological results were in favour of the absence of consciousness. In these cases, PCI was always below 0.31 in patients whose FDG--PET could not identify preserved metabolism in the fronto-parietal network, suggesting that preserved metabolic rates are a minimal prerequisite for cortical circuits to engage in complex dynamics.Table 3Concordance of CRS-R, PET, and PCI results.Table 3 summarizes the number of cases in which each technique provided results compatible with consciousness or not (left part of the table). On the right part, we report the number of cases where all techniques, or any couple of two, shared results concurring with consciousness or unconsciousness. The association of FDG--PET and PCI is the one with the most concordance, with 22 out of 24 samples concurring.Table 3Test(s) in favour of ...CRS-RPETPCIAllCRS-R PETCRS-R PCIPET PCIConsciousness15 (62.5%)20 (83,3%)18 (75%)14 (58.3%)15 (62.5%)14 (58.3%)18 (75%)Unconsciousness9 (37.5%)4 (16.7%)6 (25%)4 (16.7%)4 (16.7%)5 (20.8%)4 (16.7%)Total24 (100%)24 (100%)24 (100%)18 (75%)19 (79.2%)19 (79.2%)22 (91.7%)

Notably, four patients with otherwise unambiguous clinical diagnosis of UWS had preserved metabolic patterns and PCI levels typical of conscious conditions, suggesting that these patients were probably MCS\*. Thus, preserved FDG--PET not only has prognostic value ([@bb0160]), but may index an actual, albeit covert, capacity for consciousness. A hypothesis further supported by the willful modulation of brain activity in our fMRI paradigm in one of these patients ([Fig. 1](#f0005){ref-type="fig"}). This also demonstrates that UWS patients with a high PCI do not reflect a lack of specificity of TMS--EEG, but really seem to be a specific population, with its own metabolic and electrophysiological characteristics. MCS\* are likely to also share their own prognosis, given the results of previous studies showing they were more prone to recover behavioural signs of consciousness ([@bb0160]) and as the only patient in this cohort that recovered signs of consciousness was MCS\* ([Table 2](#t0010){ref-type="table"}). Adding the fact that PCI has very high sensitivity and specificity in healthy controls ([@bb0030]), we can safely support the hypothesis that both TMS--EEG and FDG--PET are able to detect non-behavioural signs of consciousness.

In two patients, FDG--PET and PCI provided different results. This is not surprising since these two techniques clearly index different aspects of neuronal functioning at distinct spatial and temporal scales. FDG--PET evaluates the metabolic activity in terms of patterns of preserved and impaired glucose uptake over many minutes, allows inferring on the level of neuronal activity across distributed cortical areas. On the other hand, PCI evaluates the electrophysiological complexity of cortico-cortical neuronal interactions over milliseconds, allowing computing effective connectivity between cortical areas, and fluctuates on a minute-by-minute base according to the subject\'s current state ([@bb0100]). The two patients with incongruent results had preserved metabolic activity, while their PCI values were in the range of unconsciousness. The first patient was behaviourally unambiguously UWS, showed a conservation of the whole right hemisphere metabolism, whereas PCI computed across several sites at optimal intensity were always in the distribution range of unconsciousness. Over a five year long follow-up this patient remained behaviourally UWS. A parsimonious explanation of this result is that preserved metabolic rates may be necessary but not sufficient to recover complex interactions among cortical areas and consciousness. Hence, neurons that are still active may not be able to engage in complex network dynamics due to an insufficient level of connectivity or functional imbalances, such as sleep-like neuronal bistability induced by increased potassium conductance or by an altered excitation/inhibition balance ([@bb0115]). The second patient only showed visual pursuit on one occasion, the day of the FDG--PET. The day of TMS--EEG, and the rest of the week, this patient was behaviourally UWS and showed no signs of consciousness. In this case PCI could be computed from only one session and was low. Assuming that this patient was conscious, the discrepancy between FDG--PET may be explained by the inability of TMS to effectively stimulate the cortex, or by a drop in the level of vigilance during the PCI measurement. Apart from fluctuation of consciousness levels, aetiology and comorbidities may be the source of divergent results. Patients with anoxic brain injuries may exhibit low cortical excitability, hindering the emergence of complex EEG potentials ([@bb0080]). Stimulating over brain lesions should be avoided, but in traumatic brain injuries, they may be so widespread that gathering artefact-free signal in TMS--EEG is impossible. Antiepileptic drugs also lower cortical excitability, and this should be taken into account while performing TMS--EEG. Diabetes, if treated with insulin, and any serious infection may artificially decrease the measure of brain metabolism in FDG--PET, and these conditions should be looked for before the acquisition.

Overall, these results, by showing a substantial concordance between FDG--PET and TMS-EEG results, provides a first cross-validation of two different techniques in assessing DOC patients and suggest that their complementarities could be exploited in the clinical setting in a two-step procedure ([Fig. 4](#f0020){ref-type="fig"}). In this scenario, patients diagnosed as UWS with repeated CRS-R should first be screened with FDG--PET, as it is easier to perform, well-standardized, and might be more sensitive than TMS--EEG. In patients showing preserved fronto-parietal metabolic activity, TMS--EEG could be performed, to assess the ability of cortical neurons to interact effectively and engage in complex pattern of distributed activity, which provides a more specific index of a capacity for consciousness. The use of these costly techniques should be limited to the patients for whom an accurate diagnostic might influence important clinical decisions, such as end-of-life issues. Moreover, we think that patients with traumatic, or at least non-anoxic, brain injuries might benefit more from these additional assessments, as they are more likely to exhibit non-behavioural signs of consciousness (*e.g.* [@bb0035], [@bb0120], [@bb0160]). Although both FDG--PET and TMS--EEG are not readily available in the clinical setting and require specific expertise, their joint application may increase the sensitivity and specificity of our diagnostic process of DOC patients and provide relevant physiopathological insight. Indeed, early identification of MCS\* could lead to the planning of new assessments and increased attention toward the identification of the emergence of subtle signs of consciousness, and could change the rehabilitation program these patients undergo. Nevertheless, one of our MCS\* patient could be identified several years after the brain injury, and could also benefit from this more accurate diagnosis. Moreover, the joint assessment of metabolic activity and electrophysiological complexity of cortical circuits may help guiding pharmaceutical or electrophysiological trials of consciousness promoting agents, such as amantadine ([@bb0060]), zolpidem ([@bb0180]), transcranial direct current stimulation ([@bb0175]) or deep brain stimulation ([@bb0150]).Fig. 4Proposed screening algorithm.Patients with unidentified DOC should be first assessed using validated standardized behavioural scale, such as the CRS-R. If no signs of consciousness can be detected, potential for consciousness can be identified using ^18^FDG-PET. In case this exam shows at least partial preservation of the fronto-parietal network metabolism, TMS-EEG could be used to detect the presence of covert consciousness. This would be the case if the PCI was above the distribution found in unconsciousness (\> 0.31).Fig. 4

5. Conclusion {#s0045}
=============

For the first time, metabolic and complexity measures of the brain are studied in the same challenging population of patients with disorders of consciousness. Our results offer a cross validation of these two techniques, despite their very different characteristics and own specificities. This allows us to suggest the use of both FDG-PET and TMS-EEG to improve our diagnostic accuracy in the clinical setting. Moreover, we demonstrated that they could both detect non-behavioural minimally conscious patients, and that UWS patients showing high level of complexity in TMS--EEG did not reflect a lack of specificity of this technique. This also has an important potential clinical impact, as these patients seem to have a better prognosis than patients with unresponsive wakefulness syndrome and thus require increased attention toward potential appearance of subtle signs of consciousness, and more efforts in rehabilitation centre to allow these signs to emerge.
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